Nickel concentration profiles were studied for impregnated nickel/alumina catalysts prepared by impregnating two types of spherical aluminas with nickel (II) chloride aqueous solution and applying a wide range of postimpregnation drying conditions. Migration of nickel (II) ion towards the outer surface of alumina occurred during post-impregnation drying. The fraction of migrated nickel (II) ion increased with increase of the constant drying rate, and was held at a constant value, 0.5, at values of the constant drying rate larger than 2 x l0~4kg-m~2-s~1.
Introduction
Impregnation is one of the most important industrial methods of preparing supported catalysts.
Since Maatmanlo'n) introduced the concept of movement of an active material precursor within supports during impregnation, many studies5'6'9'16) of the phenomena have been reported.
Recently, the majority1'7'14) of such studies are concerned with control of the profile of an active material precursor. It seems that the techniques to obtain a desired concentration profile of an active material precursor during impregnation are established to some extent. However, the profile formed during impregnation maybe destroyed by post-impregnation drying, which causes migration of an active material precursor toward the outer surface of supports, i.e., surface segregation. In the present study, the effects of the postimpregnation drying conditions on the nickel concentration profiles of impregnated nickel/alumina catalysts were investigated by impregnating two types of spherical aluminas with nickel (II) chloride aqueous solution and applying a wide range of drying conditions. Furthermore, a model of solute migration during post-impregnation drying is proposed to describe the nickel concentration profiles.
1. Experimental
Preparation of catalysts
Eighteen kinds of impregnated nickel/alumina catalysts were prepared by using two types of aluminas (JRC-ALO-1 and JRC-ALO-3 supplied by Catalysis Society of Japan) and applying nine kinds of postimpregnation drying conditions. The typical properties of the supports and the preparation conditions are presented in Table 1 .
1) Impregnation
Spherical aluminas of average diameter about 3mmwere impregnated with nickel (II) chloride aqueous solution till the adsorption equilibrium of nickel (II) ion was reached. As shown in Table 1 , ALO-1 adsorbs no nickel (II) ion, whereas ALO-3 adsorbs to the extent of0.194mol-kg"1 as a saturated amount. In the final stage of impregnation, the fraction of the nickel (II) ion dissolved in the pore solution to the total nickel is 100% for ALO-1 (nickel (II) ion nonadsorptive alumina), and is 8% for ALO-3 (nickel (II) ion adsorptive alumina).
2) Drying and reduction After impregnation, the impregnated aluminas were dried in a stream oi nitrogen gas by the drying apparatus shown in Fig. 1 . The drying apparatus consists of gas flow rate control sections for drying (1, 3, 4) and for dilution (2, 3, 4), a drier (8) , and a humidity detector (ll, 12). The driei (8) is a Pyrex glass tube of internal diameter 2.60cm. in which a sample holder (7) made by stainless net is suspended using the sleeve of the thermocouple. The inner temperature of the drier (8) is maintained at a desired value by an electric furnace (5) and a temperature controller (10) . To prevent one-side drying, the impregnated support in the holder (7) is rotated slowly by a vibrator (6) during the drying. Aftei attaining desired gas flow rate and temperature, about 600 mg of the impregnated support was charged from the top of the drier. The relative humidity of effluent gas was monitored continuously by the detector during the drying. When no humidity was detected, drying was terminated. The drying rate was calculated from the relative humidity and the gas flow rate.
The dried samples were reduced in a stream oi hydrogen gas of 100cm3-min~1 at 673K for 4h. , nickel concentration profiles and drying rate diagrams as a function of moisture for various post-impregnation drying conditions are given using ALO-1and ALO-3, respectively. The catalysts prepared by using ALO-1 (Fig. 3) show surface segregation of nickel, the extent of which increases with increasing drying rate. The catalysts prepared by using ALO-3 (Fig. 4) show uniform profiles almost independent of the drying rate. The difference of nickel (II) ion adsorption capacity between ALO-1 and ALO-3, as described in Section 1.1, is responsible for such a difference.
In Fig. 5 , the fractions of nickel (II) ion migrated during the drying to the total nickel (fraction of migrated nickel) are plotted against the constant drying rates to study the nonuniformity of the nickel concentration profiles of the catalysts prepared by using ALO-1 presented in Fig. 3 . The constant drying rates were obtained from the plateaus in the drying rate diagrams. Since the nickel concentration profiles of the catalysts by using ALO-1 (Fig. 3) are concave curves, which are minimum at the center of the catalyst particle, the fraction of migrated nickel is calculated from the following equation. Figure 6 illustrates a general aspect of solution movement within a porous support during drying which involves constant rate period and falling rate period. In the initial stage of drying, evaporation occurs from the all menisci facing the outer surface of a support (Fig. 6(a) ). After a moment, the solution movesfrom the comparatively large pore ("macro" pore) to the comparatively small pore ("micro" pore) by capillary force. The moving solution flows in "micro" pore from the inside to the outer surface of the support (Figs. 6(b) and 6(c) ). In these stages, the drying rate is observed to be constant. In a further developed stage, the solution within "macro" pore is exhausted and the funicular solution within "micro" pore becomes the wedge solution ( Fig. 6(d) ). Instantaneously, solution movement within "micro" pore is substantially terminated.
In Fig. 7 , a proposed model of solution movement during constant drying is illustrated. In this model, we assume the following for simple treatment: (1) the impregnated support is spherical;
(2) the impregnated support is kept isothermally at wet-bulb temperature;
(3) the solvent evaporates from only the menisci facing the outer surface of the support; (4) the density of solution within the pore is constant independent of concentration and equals that of the solvent; (5) "macro"pore worksas a reservoir tank, which supplies solution of concentration Co into "micro" pore; (6) the supplying rate is proportional to the volume element of a spherical shell (4nr2dr). The velocity of the solution in "micro" pore at the outer surface is expressed as the following equation, derived from the mass balance of the solvent at r=R.
R*
The velocity of the solution in "micro" pore is derived from the mass balance of the solution in the differential shell.
U=UR^(3)
The termination time of solution supply from "macro" pore to "micro" pore is given by the following expression. The initial condition is t=0; C=C0 (6) The boundary conditions are ,=0; *£-=o (7) or dC d7 r=R; De-=£iuRc By introducing x=r/R; c=C/C0; e=tDJ(e,R2); uo = R*R/(PsDe)
Eqs. (5), (6), (7) and (8) (13) Eqs. (9), (10), (ll) and (12) are characterized by the parameter u0, which is determined from the ratio of R*to De. In the present model, the solute migration in "micro" pore is expressed by Eqs. (9), (10), (ll) and Table 2 . As shown in Fig. 5 , the porosity of "macro" pore approximately equals that of "micro" pore at values of constant drying rate larger than 2x 10"4kg-m~2-s~1.
Each porosity of ALO-1 was calculated as follows:
e.=0.58, sa=0.5e (14) The parameters, ef and ea, are assumed to be expressed by Eq. (14) in the drying rate range from 2x 10~5 to 2x l0-4kg-m-2-s"1.
In Figs. 8, 9 and 10, the observed nickel concentration profiles of the catalysts using ALO-1 Since the fraction of nickel (II) ion dissolved in the pore solution to the total nickel (II) ion content of the impregnated ALO-3 is 8% as described in Section 1.1, almost uniform nickel concentration profiles maybe expected for the nickel/ALO-3 catalysts. This expectation is consistent with the observed nickel concentration profiles of the nickel/ALO-3 catalysts (Fig.   4 ).
The above discussion shows that the present model is applicable to predict the concentration profile of an active material precursor after post-impregnation drying over a wide range of drying conditions. The parameters (w0, st and ea), suggested in the present model, give a criterion for predicting the extent of surface segregation of an active material precursor.
Direct measurements are possible for Rf, R and ps.
Diffusion coefficient of solute, De, can be estimated from the Nernst-Haskell equation.12) The ratio ofst to sa can be measured by the method mentioned in the experimental section.
Conclusion
The nickel concentration profiles of impregnated nickel/alumina catalysts were studied by using two types of aluminas and applying a wide range ofpostimpregnation drying conditions.
The following conclusions were drawn from the results and discussion above.
1) Nickel segregation toward the outer surface of the support becomes significant with increasing postimpregnation drying rate. The fraction of migrated nickel increases with increase in constant drying rate up to an upper limiting value, 0.5. Such migration is negligible in the case where the adsorbed nickel (II) ion is predominant.
2) A solute migration model, combining the solution movement by capillary force with solute diffusion, gave a good interpretation of the observed nickel concentration profiles of catalysts prepared over a wide range of drying conditions. 
Introduction
Polymer hydrogels, such as hydrolyzed acrylamide gel, have been found to show a large volume change responding to an infinitesimal change in external conditions such as temperature, electric field, pH and salt concentration.
3) The volume change, which is referred to as a phase transition, is ascribed to a change in the configuration of the gel matrix. One of the most popular applications of hydrogels is as a water preservation agent for sanitary and agricultural uses.5) In addition to these applications, the phase transition phenomena of gels are being applied to various engineering uses such as extrac- For the engineering applications mentioned above, it is necessary to clarify the kinetic behavior of gels. A kinetic study of gel swelling, which is driven by an osmotic pressure change, has recently been done theoretically by Tanaka and Fillmore6) for the case of a small spherical polyaerylamide gel. A numerical mathematical model for syneresis of a gel of protein was reported by Van Dijk et al1] These researches are a start toward understanding the kinetic behavior of hydrogels, but these mathematical treatments are not enough for the engineering application of a gel sensitive to its external environment. In the present paper, an engineering analysis is made for both the swelling and shrinking behavior of
